Nematodes are microscopic, soil-dwelling worms that navigate through soil particles in search of food or a suitable host. Most nematode species employ a myriad of physical and chemical cues that define their navigation strategies. Here, we demonstrate a microfluidic method to observe and characterize the physical aspects of nematode navigation at real-time. The microfluidic devices comprise a series of interconnected T-maze or cylindrical structures of varying geometry. At each physical intersection, nematodes are given the choice to migrate left or right. We found that this decision-making of nematodes is influenced by the angle of intersection of T-maze structures. We further showed that nematodes can be passively directed to move in a linear direction by carefully adjusting the position and spacing of cylindrical obstacles in its path. The experiments were conducted on two nematodes (non-parasitic C. elegans and pigparasitic Oesophagostomum dentatum) and in the absence of any chemical or electrical stimulants.
INTRODUCTION
Nematodes are the most ubiquitous, soil-dwelling microorganisms on Earth with over 20,000 known species. Particularly, the nematode Caenorhabditis elegans (C. elegans) is an important model organism for researchers in neuroscience, genetics, and behavioral sciences [1] [2] [3] [4] . The primary reasons for choosing C. elegans as a small animal laboratory model organism are its microscopic size, transparent body, ease of culture, short lifespan, and a reasonable genome size [5] [6] [7] [8] [9] [10] [11] . Recent advances in vivo microfluidic testing [12, 13] have facilitated the monitoring of several behavioral facets of nematodes such as locomotion, growth, reproduction, and neuronal functioning [14] [15] [16] . In an interesting work by Qin and Wheeler [17] , C. elegans were put in simple T-maze microfluidic channels and trained to produce a definite chemotactic response. Other micro-organisms (e.g. bacteria, fungi, and algae) have also been subjected to complex maze structures and their attraction/repulsion to chemical gradients or food reservoirs have been characterized.
Besides chemical cues, nematodes are presented with a wide range of physical interfaces in their microenvironment that need to effectively sensed and responded to. It may be difficult for an experimentalist to visually observe these physical interfaces or the navigation strategies employed by nematodes in the natural soil habitat. In this regard, microfluidics has proved to be a boon to experimental biologists. Microfluidics offers the unique possibility of creating two-dimensional microstructures, altering device dimensions in a controlled manner, and observing the interactions between microorganisms and artificial chip environment [18] [19] [20] [21] [22] .
In this work, we demonstrate a microfluidic device with a range of interconnected T-shaped mazes and cylindrical structures to characterize nematode movement through a series of physical interfaces. Specifically, we designed four assays: 1) angled T-maze, 2) sequenced T-maze, 3) convex intersection maze, and 4) sequenced pillar array. The tests were conducted on non-parasitic C. elegans and pig-parasitic Oesophagotomum dentatum (O. dentatum). No chemical or electrical stimulants were used in our tests. The experimental results help us determine a probabilistic impact model based on the geometry of physical interfaces and the nematodes' interaction with hard surfaces. Based on our observations, it is reasonable to assume that, in the absence of any stimulants or repellents, a nematode navigates essentially blindly through an agarose gel medium with occasional halts and turns. Any interactions with physical interfaces in its path alter its direction of movement, depending on the angle of the physical interface with respect to its body line. As we will show in the case of sequenced pillar array, it is possible to engineer the location, angle, and interval of physical interfaces for nematodes in order to modify their natural non-linear direction of motion into a linear one.
MATERIALS AND METHODS

Microfluidic Fabrication
The mask layouts were drawn in AutoCAD and sent to an outside vendor (Fineline Imaging, Colorado Springs, CO) for printing the masks. The microfluidic devices were fabricated using standard soft lithography. Briefly, negative SU-8 photoresist (Microchem Corporation, Newton, MA) was cast onto a 3-inch silicon wafer by a single or double spin-coating technique (spin at 2800 r.p.m; soft bake at 95˚C for 5 minutes; repeat) to achieve a 40 µm or 80 µm thick film. The SU-8 resist was exposed to near UV (375 nm) light at 10 mJ/cm 2 for 50 seconds and subsequently developed. A PDMS prepolymer (Sylgard 184 Silicone Elastomer Kit, Dow Corning Corporation, Midland, MI) was cast over the SU-8 old and cured on a hot plate at 70˚C for 2 hours. The hardened PDMS structures were peeled off the SU-8 mold and fluid ports (2 mm diameter) were punched. Air plasma was exposed to the PDMS structures, which were then bonded to individual glass slides to create sealed microfluidic devices. A polyethylene tubing (OD = 1 mm, ID = 0.58 mm) was connected to a 1-mL syringe and the devices were filled with 0.8% agarose (w/v). During the agarose-filling process, we ensured that the input ports and microchannels do not trap any air bubbles which would potentially block or disrupt a nematode's movement.
Maintenance of Nematodes
C. elegans were obtained from the Caenorhabditis Genetics Center (CGC) at University of Minnesota (St. Paul, USA). The C. elegans were cultivated at 25˚C on Nematode Growth Medium (NGM) plates seeded with Escherichia coli OP50 bacteria. For our tests, L4 stage C. elegans were picked using a sterilized platinum wire. Levamisole-sensitive (SENS) and resistant (LEVR) O. dentatum were originally supplied by the Royal Veterinary and Agricultural School, Frederiksberg, Copenhagen and then reproduced at six to nine months interval by passage in pigs at Iowa State University. The L2 larvae isolates were maintained between passages in tap water refrigerated at 11˚C (changed every 2 -4 months).
RESULTS AND DISCUSSION
Angled T-Maze Structures
The first microfludic chip consists of six angled T-maze structures, each with a distinct angle of intersection.
A representative schematic of the T-maze is illustrated in Figure 1 (a). Each T-maze structure consists of a 2 mm × 300 µm × 80 µm microchannel ( L × W × H) connected to one entry and two exit ports (2 mm diameter). The angles of intersection of the different T-maze structures chosen in our experiments are 15, 30, 45, 60, 75 or 90 degrees. The microchannels were filled with the molten agarose/buffer mixture. The agarose solution was allowed to cool (~5 minutes) to form a porous gel-like medium. In this study, both C. elegans (N2) and O. dentatum (SENS) were tested. The nematodes were dropped on the entry port and allowed to migrate into the microchannel. In the absence of any stimulant or deterrent, the nematodes moved freely in the microchannels. The nematodes' progression was observed at real-time and recorded using a Leica MZ16 stereozoom microscope coupled with a QICam 12-bit digital camera.
We were interested in observing the navigation strategies employed by nematodes at the angled intersection of the T-maze structure (Figure 1(a) ). Specifically, we focused on characterizing a nematode's decision to turn left or right at the angled intersection of the T-maze. No reward was given on either side of the T-maze. A worm in the microchannel began by exploring its surrounding and eventually moved towards the angled intersection. Before reaching the intersection, the nematode was essentially unaware of the impeding physical interface and continued in its sinusoidal path (Figure 1(b) ). Upon reaching the intersection, the nematode's head impacted the physical interface, then retracted and continued either to the right or left arm of T-maze. We found that the direction of movement after impact (i.e. left or right turn decision) was dependent on the angle of intersection (˚) of the T-maze and the angle at which the worms' head was incident upon the physical interface.
As shown in Figure 1(b) , a nematode's head can reach the physical interface during the upstroke or downstroke of its sinusoidal movement. At 90˚ angled interfaces, we observed that worms impacting on an upstroke tended to move to the left arm of the T-maze, while worms impacting on a downstroke tended to move to the right. A probabilistic impact model was derived to predict the outcome of nematode decision-making ability (i.e. left or right turn decision) during such physical intersections. In other words, by characterizing the probability that a certain worm would make a left or right turn upon impacting a physical interface in a certain position (Figure 2(a) ), we could predict the direction of movement after a single or multiple physical interactions. At the 90˚ angled interface, the phase of sinusoidal movement at the impact location (i.e. up-or downstroke impact) was relatively random within a large sample population (n ≥ 40). Hence, there was approximately 50% chance for a certain worm to turn left or right (Figure  2(b) ). This observation is supported by Qin and Wheeler's work [5] where C. elegans showed no apparent preference to move towards the left or right outlet chamber of a 90˚ T-maze in the absence of any reward. In T-maze structures with angles of intersection other than 90˚, we found that the probabilities for left and right turn altered significantly (Figure 2) . As the angle of intersection (˚) was decreased from 90˚, there was a decrease in the probability of turning right. In other words, as we reduced the angle of intersection from 90˚ to 15˚ (effectively, increasing the complementary angle from 90˚ to 165˚) in increments of 15˚, we observed a linear decrease (or increase) in the probability of turning right (or turning left). In the next section, we show that the probability of right or left turn in a single T-maze can be used to predict worm locomotion in structures with multiple physical interfaces.
Sequenced T-Maze Structures
The second microfluidic chip consists of three distinct Tmaze structures in which multiple (~5 -6) angled intersections are sequentially connected. Figure 3 shows a representative schematic of the microfluidic structure. Each maze comprises a microchannel (height = 80 µm; width = 300 µm; length = 600 -4000 µm) connected with up to 5 exit ports (diameter = 2 mm). Three sequenced T-maze structures were tested: 1) one consisting of 6 sequential 90˚ angled intersections, 2) one consisting of 5 sequential 60˚ angled intersections, and 3) one consisting of 5 decreasing angled intersections (90˚, 75˚, 60˚, 45˚ and 30˚) (Figure 3) .
The procedure for device filling, worm insertion, and imaging was similar to that in the previous angled Tmaze experiments. The microchannels were filled with a molten agarose/buffer mixture and subsequently allowed to cool down. A small population (n = 3 -5, N > 20) of nematodes were placed at the entry port. After a brief scouting time, the nematodes migrated into the microchannel and started exploring their surroundings. Thereafter, they reached the first physical interface and make a decision to turn right or left. If they turned left, they were collected in the first exit port. If they turned right, they continued their movement before reaching the second interface. As before, a left turn at the second interface made them collect at the second exit port, while a right turn led them to the third interface. Thus, at each successive interface, a nematode was forced to make a decision on whether to turn right or left. At the end ofthe experiment, the number of worms in each exit port was counted. During chip design, the distance between any two consecutive interfaces was intentionally kept longer than six body wavelengths. Each experiment was conducted on a new chip and a fresh batch of worms.
ABB
Using the probabilistic impact model mentioned before, we estimated the probability that a given worm would end up in a certain exit port. We used the data from Figure 2 to estimate the bin probabilities (i.e. the probability a worm reaches a specific exit port or counting bin). For instance, consider the sequenced T-maze structure depicted in Figure 3 . The model would suggest a ~50% probability that a worm would be found in the first exit port, ~31.5% probability that a worm would be found in the second exit port, ~13% for the third exit port, 4.2% for the fourth exit port, and ~0.7% for the fifth exit port. Figure 4 displays our experimental observations as compared to the theoretical probabilities (for both C. elegans (N2) and O. dentatum (SENS)). A total of ~150 worms were tested with ~3 -5 worms in each experiment. All data sets were plotted using GraphPad Prism (GraphPad Software, La Jolla, CA); the percentage of worms found in each exit port are shown. In each sequenced Tmaze structure, the observed behavior of both nematode species closely matches the theoretical estimates generated by the impact model; no significant difference between the data sets was found (p value > 0.05).
Convex Intersection Maze
We next extended the angled T-maze structures to study the impact model at curved interfaces which may better resemble the worms' natural habitat. This microfludic chip comprises a single 90˚ T-maze that has a convex, semi-spherical protrusion (150 µm in diameter) ( Figure  5 ). Each maze consists of an entry port and two exit ports (2 mm diameter) connecting a 2 mm × 300 µm × 80 µm microchannel (L × W × H).
The channels were filled with the agarose mixture and worms were inserted into the assay through the entry port. The worms were allowed to wander freely towards the convex protrusion where they made impact with the curved surface and decided to turn right or left. We defined four impact zones (L1, L2, R1 and R2; Figure 5 and characterized the decision-making ability (i.e. left or right turn) based on which zone of impact ( Figure 5(b) . In all our tests, we observed that nearly 100% of worms turned left (or right) after impacting the zone L1 (or R1).
As the zone of impact changed from L1 towards R1 (or equivalently R1 towards L1) we observed a linear decrease in the probability of turning left (or equivalently of turning right). If the impact was exactly between zones L2 and R2 (i.e. a perpendicular impact), there is roughly a 50% probability of turning right or left.
Sequenced Pillar Array
Based on our results from convex intersection maze, we decided to test worm locomotion in an array of cylindrical structures. Previously, microfluidic chambers with three-dimensional pillar arrays have been used to mimic the natural soil microenvironment of nematodes and observe the adaptability in worm locomotion [16] . After several attempts, we fabricated an array of such pillar structures (each 300 µm in diameter, 350 µm center-tocenter distance) ( Figure 6 ). Worms were inserted from an entry port and allowed to migrate towards the pillar array. With the above pillar dimensions, we observed that a nematode prefers to move in a linear direction. shown in the snapshots (taken every 1 second), a nematode efficiently uses the surface of a pillar structure to conform its body into a sinusoidal posture and continue towards the next pillar structure. This test was conducted on over 30 O. dendatum nematodes with good repeatability. Lastly, we wished to revisit the mode of intersection between a nematode and a physical interface in the Tmaze structure. We analyzed all the videos of the single T-maze experiments for both O. dendatum and C. elegans. The data was collected from all angled T-maze structures and showed an interesting pattern of mode transitions for both nematode species under test. Figure  7(a) shows the modes of interaction for O. dendatum. Upon impact, most O. dendatum (green arrows) slide their head on the surface, slide off their body on the surface, and eventually leave the intersection. In some cases, they may attempt to probe the surface using their head by digging in, backing off their head, or backing off their entire body. Figure 7(b) shows the modes of interaction for C. elegans. Upon impact, most C. elegans (green arrows) slide their head on the surface, slide off their body on the surface, and eventually leave the intersection. However, compared to O. dendatum, there is an increased tendency to retract their entire body and leave the intersection.
CONCLUSIONS
We presented four microfluidic structures to study the interaction of nematodes with physical interfaces in the absence of any stimulants or repellents. An important observation was that the angle of intersection of the interface determined the decision-making ability of nematodes. A relationship between the angle of intersection and the probability of right or left turn was estimated from experiments using the T-maze structures. We found that this impact relation holds true even in complex T-maze structures with multiple interfaces. We also conducted similar tests using curved surfaces and constructed a pillar array to modify the natural, non-linear motion of nematodes. We found that nematodes use the pillar structures as support systems to guide their sinusoidal pattern of locomotion. By adequately arranging the position and size of the pillars, we demonstrated that the directionality of nematodes can be passively controlled. We hope that the presented method helps in the understanding of nematode locomotion, particularly the biomechanics of this fundamental worm behavior. 
